A method for measuring rates of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) syntheses using a single radioactive precursor has been devised and tested using bacterial cultures and natural assemblages of marine and freshwater microorganisms. The procedure is based upon the uptake and incorporation of exogenous [3H]adenine into cellular adenosine triphosphate and deoxyadenosine triphosphate pools which serve as the immediate precursors for the adenine incorporated into RNA and DNA, respectively. It is proposed that the DNA/ RNA rate ratio is correlated with the specific growth rate of microorganisms and can be used as an index for estimating and comparing the productivities of microbial assemblages in nature. This technique can also be used to detect discontinuous growth and cell division processes which frequently occur in surface plankton populations. The DNA/RNA rate ratios measured in a variety of aquatic ecosystems ranged from 3.3 to 31.8% without significant correlation to total microbial biomass.
The measurement of microbial growth in nature has presented, and continues to present, a challenge to experimental microbial ecologists. In recent years, several new and promising approaches have been devised to estimate rates of macromolecular (ribonucleic acid [RNA], deoxyribonucleic acid, [DNA] , and protein) synthesis in aquatic microbial assemblages. All three biomolecules are important in cellular structure and function, are closely coupled to and required for growth and cell division, and are regulated with great precision. The observed correlations between rates of stable RNA, DNA, and protein syntheses and the rate of cell growth (reviewed in references 15, 19, 22, 25) are so universally applicable among unicellular microorganisms that they appear to be well suited for the analysis of complex communities such as one finds in nature. The results of pioneering studies of macromolecular synthesis in bacteria indicate that the cell quotas of RNA, DNA, protein, and total mass all increase with increasing growth rate (8, 17, 19, 28) , and are independent of the chemical composition of the growth medium or nature of the growth-limiting nutrient, only insofar as it affects the growth rate. Furthermore, DNA/RNA and protein/RNA ratios vary in direct proportion to growth rate, whereas protein/DNA ratios remain constant. More recent investigations utilizing refined techniques for the separation and determination of cellular nucleic acids have confirmed the earlier results (2, 5, 23) .
Based on the previous studies, it seems reasonable that simultaneous measurements of rates of RNA and DNA syntheses might provide quantitative data on the in situ growth of microbial communities in nature. At the very least, cell growth (increase in mass and synthesis of RNA) and cell division (synthesis of DNA) could be distinguished. An extension of the theoretical considerations and a minor modification of the experimental protocol previously devised for measuring rates of RNA synthesis (12; Karl et al., parts I and II, in press) have been introduced, thus enabling simultaneous measurements ofthe rates of RNA and DNA syntheses. The present report describes the principles, procedures, and applications of this novel experimental approach, and discusses the advantages and limitations of using DNA/RNA rate ratios for studying microbial growth in aquatic environments. precursor of adenine in DNA is deoxyadenosine triphosphate (dATP). Two distinct pathways are known for the biosynthesis of dATP (29) ; both reaction sequences involve the reduction of a corresponding adenine nucleotide, either at the level of adenosine diphosphate (ADP) (ADP --dADP --dATP) or ATP (ATP --dATP). A summary of the known metabolic pathways is presented in Fig. 1 .
To calculate the absolute rate of DNA synthesis, the specific activity of the intracellular dATP precursor pool must be known. Failure to calculate and correct for differences in the specific radioactivities of the intracellular precursor pools could conceivably lead to serious, albeit unknown, quantitative errors and misinterpretations of ecological data. No previous estimates of DNA synthesis in ecological studies have ever considered precursor specific radioactivities.
When exogenous [2,3H] adenine is assimilated by microorganisms, it is incorporated into a number of adenine-containing derivatives. Due to the numerous interconversions and the extremely rapid turnover of cellular nucleotides, the individual adenine nucleotide pools (i.e., adenosine monophosphate [AMP], ADP, and ATP) rapidly equilibrate to achieve isotopic equilibrium (i.e., specific radioactivity of ATP = specific radioactivity of ADP = specific radioactivity of AMP) over relatively short time periods. Consequently, regardless of the biosyn- thetic pathway operating for the production of dATP, the specific radioactivity should be equal to that of the parent adenine nucleotide (i.e., either ADP or ATP). Therefore, by measuring the specific radioactivity of any one of the adenine nucleotides, preferably ATP (because of highest intracellular concentration, existing methodology, and miniimal analytical interference), the corresponding specific radioactivity of the dATP pool is also accurately known.
In practice, an environmental sample or cell suspension is incubated with radiolabeled adenine for a predetermined time interval. After this incubation period, the cellular nucleotides are extracted and the mean specific radioactivity of the ATP pool (i.e., nanocuries of ATP per picomole) is determined as described previously (12; Karl et al., part I, in press). Cellular RNA and DNA are extracted, separated, and purified, and the total radioactivity is measured (i.e., nanocuries of RNA or DNA). From these measurements, the actual rate of RNA or DNA synthesis or both can be calculated as picomoles of adenine incorporated into RNA or DNA per unit volume per unit time. Alternatively, relative DNA/RNA synthesis rate-ratios can be determined directly from incorporation data (specific radioactivities of precursor pools are equal and consequently cancel out in the ratio calculation), thereby mitigating the necessity for specific radioactivity measurements.
MATERIALS ATP and ADP pool-specific radioactivities. S. marinorubra was grown to mid-logarithmic phase in batch culture (optical density at 560 nm -0.1), and 5 ml of culture was added to a 50-ml flask containing 10 JLCi of [2-3H] 
RESULTS
Kinetics of labeling cellular ATP and ADP pools. After the addition of [3H]adenine to the medium, the specific activities of both the ATP and ADP pools increased without any detectable lag period (Fig. 2 ). The initial rates of labeling and maximum specific activity attained in the individual metabolite pools were indistinguishable at all time periods measured (Fig. 2) . These data indicate that the ATP and ADP pools are in isotopic equilibrium and substantiate the underlying theoretical principle.
Kinetics o freshwater microbial com-(ii) 1 to 3 h, the ratio increased rapidly from 0.023 toO0.041 in direct proportion to the duration of the incubation; and (iii) beyond 3 h, the ratio increased gradually from 0.041 to 0.050 (Fig. 4 ). Table 2 ).
The rates of RNA synthesis during the daylight period ranged from 1,796 to 2,368 pmol of adenine incorporated into RNA per liter per h with no apparent temporal variability. In contrast to the relatively constant rates of RNA synthesis, the rates of DNA synthesis consistently increased from 28.9 pmol of deoxyadenine incorporated into DNA per liter per h at 7:00 a.m. (7:00 to 8:00 a.m.) to 168 pmol per liter per h at 5:00 p.m. (5:00 to 6:00 p.m.). Consequently the DNA/RNA rate ratio varied by greater than 400% during the daylight hours. These data suggest that the synthesis of DNA (i.e., cell division) is more closely coupled to diurnal processes than is the synthesis of RNA (i.e., cell growth).
The data presented in Fig. 7 Table 2 .
The data reported above suggest that the proposed DNA/RNA rate ratio technique may be used to study discontinuous growth of microbial communities in nature. However, the observed time-varying relative rates of DNA synthesis, and hence DNA/RNA rate ratios, require that one also bear in mind the potential significance of these processes whenever conducting short-term (<12-h) investigations. Table 3 summarizes the ATP concentrations, ATP (and dATP) pool-specific radioactivities, rates of RNA and DNA syntheses, and corresponding DNA/RNA rate ratios for representative freshwater and marine environments. It should be noted that this present technique is suitable for measuring rates of RNA and DNA syntheses in extremely oligotrophic oceanic environments (e.g., Central Pacific Ocean) as well as hypereutrophic freshwaters (e.g., Krauss Pond). The DNA/RNA rate ratios ranged from 3.3 to 31.8% and were not significantly correlated to either total microbial biomnass (ATP) or total microbial activity (RNA and DNA syntheses).
DISCUSSION
Numerous investigations have been conducted on rates of nucleic acids and protein biosyntheses in microorganisms at different growth rates or under various environmental conditions (3, 5, 16, 18, 19, 21, 23, (26) (27) (28) 31 ). It appears well established, therefore, that RNA and DNA syntheses in microbial cells are tightly controlled and well regulated such that the ratio of the rates of RNA and DNA syntheses is positively correlated with the cellular growth rate. Previous investigators have discussed and justified the selective use of either RNA (12; Karl et al., parts I and II, in press) or DNA (1, 7, 30; Moriarty and Pollard, in press) synthesis to estimate microbial growth in nature. Simultaneous determination of the rates of RNA and DNA syntheses can only boast the advantages attributed to each approach. For reasons to be discussed below, the present approach should yield more meaningful ecological information than previous nucleic acid synthesis methods.
The literature on methodologies in nucleic acid chemistry is extensive (for reviews see ref- erences 9, 11, 20) The method proposed herein for estimating microbial productivity from DNA/RNA rate ratios eliminates the need to determine precursorspecific radioactivities since both RNA and DNA are synthesized from isotopically equilibrated nucleotide precursor pools. Omission of this measurement will significantly reduce the time required for sample analysis and, additionally, provides a procedure which is amenable for in situ incubation and extraction in specialized marine microbiological investigations (e.g., deep-sea, hydrothermal vents, etc.). However, it should be emphasized that ATP (and dATP) pool-specific radioactivities are still absolutely essential if one desires quantitative estimates of nucleic acid production in nature (i.e., picomoles of RNA or DNA synthesized per liter per hour).
The proposed DNA/RNA rate ratios singly, or used in conjunction with the absolute rates of RNA and DNA syntheses, can yield valuable ecological information concerning the growth rates and productivities of microbial populations in nature. The rate ratio index is a direct measure of the RNA and DNA cell quotas which appear to be a linear function of growth rate, if the possibility of diurnal changes in DNA synthesis is acknowledged. Therefore, direct comparisons can be made among microbial communities of variable composition and biomass. Furthermore, the calculated rates of RNA and DNA syntheses can be used to predict total productivity (primary or secondary or both) or growth rate (doubling time) in nature using an approach which is analogous to that used in phytoplankton ecology, with the relationship: ,u = 1/P. dP/dt, where ,u = growth rate (doubling time), P = RNA or DNA concentration of the water sample, and dP/dt = RNA or DNA production rate. Undoubtedly, a portion of the total RNA and DNA may be associated with nonliving particulate materials, thereby underestimating the growth rate of the total microbial community, but surely this interference from detrital nucleic acids is likely to be less than that for other proposed cellular components such as carbon, nitrogen, or phosphorus. In addition, it may be possible analytically to separate "living" from "non-living" nucleic acids in aquatic environments; work is currently underway in my laboratory.
A limitation of this present approach, which is common to all investigations of nucleic acid precursor assimilation, regards the actual base composition of microbial RNA and DNA. Extensive studies have revealed that adenine represents 25.3 + 1.7 mol% of bacterial RNA (24) In conclusion, a method for the simultaneous measurements of RNA and DNA syntheses in aquatic microbial communities has been devised, evaluated, and tested with natural assemblages of microorganisms. The proposed method is extremely sensitive and operationally simple and straightforward. It appears that this method will be well suited for measuring and comparing microbial productivities in diverse marine and freshwater environments.
